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In this work we report on the results obtained in a detailed and systematical
study of the possibility to measure the parameters appearing in the electroweak
chiral lagrangian. The main novelty of our approach is that we do not use the









Today it is clear for many physicists that one of the main goals of the future CERN Large
Hadron Collider (LHC) is to nd as much information as possible about the nature of
the Standard Model (SM) Electroweak Symmetry Breaking (ESB) [1]. In spite of the
huge amount of data obtained in the last years at the Large Electron-Positron Collider
(LEP ) it is very few what we really know about the ESB. The proposed mechanisms
include ideas such as supersymmetry (see [2] and references therein), technicolor [3] and
many others. Therefore it would be very interesting to have some model independent
framework to make a phenomenological description of the ESB physics.
In fact such a framework exists, at least for the strongly interacting case i.e., when no
light modes are present in the ESB. It has been developed in the last years and used
to describe the scattering of the longitudinal components (LC) of the electroweak gauge
bosons [4] as well as the precision tests of the Standard Model coming from LEP [5]. It is
based on the application of the chiral Lagrangians or Chiral Perturbation Theory (PT
)[6] (previously invented for the description of the low-energy hadron interactions) to the
dynamics of the ESB Goldstone bosons (GB).
One assumes that there is a physical system with a global symmetry group G which is





symmetry breaking down to U(1)
em
through the well
known Higgs mechanism. The only election for the G and H groups compatible with the
presence of the SU(2)
L+R
custodial symmetry [7] (to have a  parameter naturally close










, H = SU(2)
L+R
.





non-linear sigma model (GNLSM) including an arbitrary large number of terms in the
action with dierent number of derivatives of the GB elds and electroweak gauge bosons.
The corresponding couplings (parameters) encode the dynamics of the ESB sector of the
SM and must be renormalized to absorb divergences. However, at low enough energies
only a small number of terms (and couplings) are needed to eliminate all the divergences.
In principle the values of these couplings or parameters could be obtained from the un-
derlying theory or directly by tting them from future experiments.
In this work we will study the possibilities of the LHC for measuring these param-









pairs. As it was mentioned above, the application of the chiral
Lagrangian technique to the production of electroweak gauge bosons is not new and has
already been considered at the literature [8]. However, all the applications worked out
until now are based in the so called Equivalence Theorem (ET ) [9]. This theorem relates
the S matrix elements of processes containing electroweak gauge bosons LC with the
corresponding processes with GB. However, in a recent work [10] concerning the formu-
lation of the ET in the context of PT , the Equivalence Theorem is severely restricted to
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a narrow energy applicability window. It can also be applied in the high energy domain
together with the PT but using some non-perturbative technique, like dispersion rela-
tions [11] or the large N limit [12], in order to have an appropriate unitarity behaviour of
the amplitudes.
For this reason we consider prioritary to apply directly the chiral Lagrangian descrip-
tion of the ESB without using the ET . The main problems of this approach are two:
First one has to include explicitly the gauge degrees of freedom in the model which makes
the computations extremely more dicult. Second, one has to restrict the results to the
low energy region where standard PT can safely be applied thus losing many higher
energy events. The advantage is that the values of the tted parameters will be more
reliable since one is not using the ET complemented with some non-perturbative method.
The plan of this work goes as follows: In section 2 we introduce the chiral eective
lagrangian to be used with its parameters and the corresponding Feynman rules. In section
3 we compute the cross-section of the LHC subprocesses that are relevant for measuring
the parameters. In section 4 we consider the signatures and the possible backgrounds. In
section 5 we show how we compute the total number of expected events at the LHC from
the subprocess cross-sections for the signals and backgrounds. In section 6 we discuss the
sensitivity of the machine to the dierent parameters, we dene the optimal cuts and we
compute the statistical signicance of the dierent parameter measures and estimate the
statistical errors. In section 7 we consider other sources of systematical errors such as the
uncertainty on the proton structure functions and in section 8 the eect of the running
of the parameters. Finally, in section 9 we review the main conclussions of our work.
2 The eective Lagrangian and the Feynman rules












. The well known chiral Lagrangian describing the ESB of the SM , can
be written as an innite expansion with terms of increasing number of gauge elds and
derivatives of the Goldstone bosons (GB), with an innite number of arbitrary parameters.
This chiral Lagrangian can be seen as a low momentum expansion for the corresponding
Green functions. At some given order in the number of GB derivatives one can work
only with a nite number of terms and parameters. In this case the model can only
be applied to much smaller energies than 4v which is the parameter controlling this
expansion (4v ' 3TeV since v ' 250GeV ).
The rst term of this eective Lagrangian (O(p
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the triplet of GB.
The covariant derivative D
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) represents the triplet of SU(2)
L
gauge elds.


























































































Note that, as expected, the GB elds, 
i
, transform non-linearly .
In order to construct the chiral lagrangian to order O(p
4
) we dene, following Longhi-






















Then the complete electroweak chiral Lagrangian with the whole set of SU(2)U(1)
Y
,
















































































































































































































As it is well known there is some arbitrariness in the choice of a particular base of







redening the rest of the terms (see for example [14]).
So, a set of 
k
(k = 0; ::13) parameters have appeared in the denition of this eective
Lagrangian. We display in Table 1 the relations between some dierent sets of the chiral
Lagrangian parameters used in the literature, i.e. by Longhitano [13], Feruglio [14] and
Dobado et.al. [5].
The theory dened by the Lagrangian above is non-renormalizable in the strict sense,
but the divergences appearing when we calculate at one-loop with the chiral Lagrangian
at lowest order eq.(1) have the same form that some of the terms obtained at tree level
in the following order in the chiral expansion. The counterterms needed to reabsorb the
divergences generated to the one-loop level with L
(2)
in the Landau gauge were obtained














the rest of the terms in eq.(4) are not needed for renormalization.
We will describe the interactions between gauge bosons and fermions by the same
Lagrangian than that of the SM , which can also describe the couplings between fermions
and scalars by means of the usual Yukawa terms. However the latter are not used in our
calculations since we work all the time with massless fermions.
Once we have set the Lagrangian to be used, the next step is to dene the quantum
theory. This can be done in a standard way using the Faddeev-Popov method and choosing
some appropriate R

covariant gauge. The gauge xing functions are constructed by




























































































(y) m;n = 0; 1; 2; 3
Therefore, the eective action and the eective Lagrangian (non-linear SM Lagrangian,
L
NLSM


































= 0). In this gauge the
perturbative  propagator remains massless and the Faddeev-Popov ghosts only couple
to the gauge eld. There is not direct coupling of the  eld to the ghosts. Moreover, the
counterterms necessary to cancel divergences with L
(2)
at one loop are gauge invariant














mentioned above). In other gauges, or other parametrizations of the coset space, the
counterterms could also be functions of the ghost elds, and their structure would be
determined using the Becchi-Rouet-Stora (BRS) invariance.

























































In the Appendix we show the Feynman rules derived from the Lagrangian L
NLSM
eq.(7) that we use for our calculations. They correspond to Figures 1, 2 and 3. As usual

























































3 The subprocesses cross-sections
In this work we are interested in studying of the dierent cross sections that contribute








at pp colliders such as LHC since they are the most
promising from the experimental point of view. In both cases we focus our attention on
the so-called gold-plated events, where the produced bosons decay to the leptonic nal

























these are the most interesting events since they are much easier to detect than the
hadronic channels.
On the other hand, we will assume that it is not possible to detect experimentally the
dierent polarizations of the gauge bosons in the nal state. Therefore we have to include




gauge bosons, either transversally or longitudinally
polarized. As it was mentioned in the introduction, instead of using the ET to calculate
the collisions of the weak bosons, as it is usually done, we have computed the amplitudes
with gauge bosons as initial and nal states and then projected them in all their polar-
izations. Thus, as we are not going to apply the ET we only consider the maximal bound
on the energy required for the applicability of the chiral Lagrangian formalism, but we do
not have any low energy bound. In this way we can take into account the inuence of the
chiral lagrangian parameters in all the gauge bosons polarization channels and not only
in the longitudinal ones as it is usually the case. The main disadvantage in our procedure
is that the calculations become much more complicated. This fact leads us to work only
at tree level to make the computation more accessible.
In principle, according to the spirit of PT , the one-loop corrections coming from
the lowest order lagrangian should also be included since they are O(p
4
). However, the
computation of these corrections is extremely involved. In addition, they have not de-
pendence on the chiral parameters. As it will become clear later, our main interest is to
study the dependence of the number of events on the chiral parameters in order to see
8
which of them could be measured at the LHC. For this reason we do not expect that our
results concerning the measurable parameters would change too much when the one-loop
corrections are included but, of course, the precise number of events will do.
Later we will also study the eect of the running of the parameters on our results
which in some way takes into account part of the one-loop contribution, but, in any case,
our approach is the simplest one including the right dependence on the chiral lagrangian
parameters.
Now we describe how we have calculated the cross sections of the above mentioned
processes. From the quantized chiral Lagrangian that appears in eq.(7) we obtain the
corresponding Feynman rules (see Appendix). Then we compute, at tree level, the ampli-









a REDUCE code, and then the corresponding cross-sections. We calculate them in the
center of mass frame, with a total energy
p
































are the particle energies, and p and p
0
are, respectively, the magnitudes of






























































































where M is the helicity amplitude, and the  symbol refers to the sum of all the nal
polarizations and the average on the initial ones. In the case of electroweak gauge bosons
scattering, where we separate the transversal and longitudinal polarizations in the initial
state (as we will see in section 5), we take into account the dierent helicities contributing
to TT , TL, LT and LL polarizations of the initial bosons, to do this average. We also
include the corresponding branching ratios to the gold-plated events.
Let us consider now the processes corresponding to the elastic collision of gauge bosons

















































































































The number of independent helicity amplitudes in fusion processes of massive gauge
















































the number of helicity amplitudes is 2 
3
3
= 54. As our chiral Lagrangian aecting the boson scattering is invariant under
C, P and T transformations, we can derive many relations between dierent helicity
amplitudes. However we have not used those relations to save computations. Instead we
have calculated all the helicity amplitudes in each process and the relations between them




































































































Note that we separate the contribution of the dierent polarizations channels in the
initial state, since dierent polarizations will have dierent luminosities in pp collisions.
In particular we use the Weizsaker-Williams [15] and the eective W approximation [16]




pair luminosity in the LHC beams. Therefore, we have to divide
these cross-sections into the contributions coming from the dierent gauge boson initial
polarizations.
On the other hand, it is well known that at supercollider energies the one-loop process
gg ! ZZ is not negligible. The gluon-gluon fusion cross section was calculated in the
Minimal Standard Model, MSM (with just one Higgs doublet) via one-loop of quarks
by Glover and Van deer Bij [17]. The corresponding diagrams are shown in Figure 4.
As we are using a chiral Lagrangian description of the ESB sector we do not include the
contribution coming from diagrams with the Higgs boson in our computations.




pairs in pp col-
liders like the LHC. As in the case of gluon fusion, there is no dependence on the chiral
parameters in the calculation, at our level of approximation. The cross section at tree
level, which only receives contribution from the t and u channels (Figure 5), has the same





fusion calculated using the chiral Lagrangian, only receives contribution








(Figures 3 and 6). The only dependence on the eective













Again we can use the relations derived from the C, P and T to relate the helicity
































































In order to relate some helicity amplitudes we have also taken into account whether
the scattering particles are identical or not., There are still 15 independent amplitudes













pairs from pp beams.
Every helicity amplitude in this process receives contributions from the t and u channels,










































where the subscript 1(2) is referred to the exchange of a gauge boson (Goldstone boson)










is reduced to 25 by means of symmetry relations derived from P
and C invariance.
As we expected, the amplitudes that we have obtained satisfy these equalities. On the




), aect this process as we can deduce
from the Feynman rules eqs.(31 and 32) and from the dierent diagrams that contribute


















































































































































where we call q = u; c and q
0
= d; s; b.




are obtained in pp colliders via quark-antiquark an-
nihilations. Using the chiral Lagrangian framework we calculate the corresponding cross
section at tree level order. As we can see in Figure 8, three standard s, t and u diagrams
contribute, but the new physics coming from the non-linear lagrangian is isolated in the







If we look at the Feynman rules (Figure 2) we can deduce that the set of 
k
parameters

















hadronic collider case, the three boson vertex has been studied in this process with chiral
Lagrangians, in [18] at tree level, using the ET (by J.Bagger, et.al. in [8]), or in our
previous study [19] for the case g
0
= 0 and including the running of the couplings. In
this last case we analyzed the sensitivity to the 
3
parameter. Here we work rstly at
tree level order, but including the dependence on the 
k





pairs in pp colliders. Finally we will include the running parameters
eect in section 8.











sally or longitudinally polarized at the initial state. In both cases the dierent polarization
amplitudes are obtained by adding the contribution of the s and u channels and the four
gauge boson vertex in (Figures 9 and 10). The exchanged particles in the s and u diagrams

















































collisions there are initially 2  3
4
helicity amplitudes. This














. If we apply the relations
between amplitudes derived from P and T invariance, there will be only 25 remaining
13





can deduce from the Feynman rules eqs.(31 and 32).






is 2  (2  3
3
). The 2 factor disappears when we take into account C invariance as in
the previous case. The number of remaining amplitudes is reduced again, by another
2 factor after applying P invariance. Therefore in these processes we have 3
3
= 27
independent helicity amplitudes that we calculate using the Feynman rules shown in



























In order to see the relative importance of the dierent channels we have evaluated the








pairs in pp colliders
from the dierent considered subprocesses in a typical example. We have chosen the 
k
parameters that mimic the MSM with a heavy scalar Higgs whose mass is m
H
= 1TeV .





























As it has been discussed above, the essential point in our calculations is that we have
not used the ET [9, 10] to obtain the scattering amplitudes of the gauge bosons as it
is customary. We have calculated the corresponding tree level amplitudes for the gauge
bosons and projected them into their transversal or longitudinal components. Therefore
we do not have the limitations that appear when the ET and the chiral lagrangian for-
mulation of the ESB are used together [9]. The chiral lagrangian approach provides a
low-energy description of the GB dynamics as an expansion on the momenta over 4v and
the ET refers to the large energy relation between GB and the longitudinally polarized
gauge bosons S matrix elements. In our case we only need to x an upper energy bound
(as it was said E
max
= 1:5TeV ) so that we can safely apply PT .
However, the ET can be used as a helpful tool to test our calculated longitudinally
polarized amplitudes. In order to check our results we have compared our tree level
expressions with those calculated applying the ET to the corresponding Goldstone boson







































as it was expected according
to the results of [10]. However, the details of this comparison will be described in detail
elsewhere [21] since they concern the applicability of the ET which has not been used in
the present computation. Here we only wanted to quote that our results are compatible
with the information that one could have obtained from the ET on the above mentioned
processes.
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4 Signatures and background
As it was stressed in the previous section we have calculated the tree level scattering
amplitudes, up to order p
4
, corresponding to all the helicity states of the gauge bosons,
without using the ET . This fact allows us to include the dependence on the 
k
parameters
in all the helicity amplitudes. In contrast, when the ET is used, the only channel where
the 
k























channels are expected to be strongly interacting at high energies, if the
GB are, due to the ET . However, our computation makes it possible for the rst time to
study the eect of a strongly interacting ESB in other gauge boson polarization states by
means of the 
k
parameters. In fact, the aim of this work is to see how measurable will
these parameters be at the LHC. In order to make this point more precise we must dene
the statistical signicance corresponding to some given value of the chiral parameters 
k
.





















pairs obtained for some
given experimental cuts when the chiral parameters have been set to the values fg or
f
0
g. The background is dened in terms of some reference model f
0
g. For simplicity




call it Zero Model and, incidentally, it corresponds to the MSM with an innite Higgs
mass.




we have considered the following processes that contribute to





















production via gluon fusion and qq annihilation which
do not depend on 
k
and therefore contribute only to the background. The experimental










pairs can be fully reconstructed. The

































charged leptonic nal states (l = e; ; ). The corresponding branching ratio is 1:3%.
All these cross sections depend on the chiral 
k
parameters so that they are taken into
account in the signature and background calculations.








pairs in pp colliders is via quark-antiquark annihi-









depending on the top quark mass (we have chosen m
t
= 170GeV ). On








, via gauge boson fusion are sup-




) due to the application of the W eective approximation
[15, 16] to obtain the initial bosons from pp beams, as we will see in next section.
5 The proton and gauge boson structure functions









pairs in pp colliders.



















We have to integrate the dierential cross section for the subprocess, (d=dcos), with


































































































produced in pp collisions
















































Thus the total cross section in pp colliders (like LHC) can be written as the result of




pair luminosity in pp beams.





) from the quark structure functions. Thus, @
2
L=@^@^ is the luminosity function










. It depends on





we have to separate in our computations the contribution of the dierent polarization































The amplitudes and dierential cross sections for all these processes have been obtained
as it was described in the previous sections. According to the eective W approach we









) or a photon, to be radiated from the quark q, with a momentum fraction


















































depend on the particular gauge boson as well as on the
















































































. Note that the rate
of transversally polarized gauge bosons obtained is enhanced by the logarithmic factors
eq.(14) with respect to the longitudinal gauge boson production.
The structure functions of quarks and gluons we use are those of EHLQ [22], set II
with  = 290MeV and we neglect the contribution of the top quark to the proton sea.
However we have also studied the eect of changing the structure function on our results
(see below). The assignment for the Q
2












for elastic gauge bosons scattering processes. The
resulting integrals are computed using the V EGAS Monte Carlo program [23].
With the described machinery we have built up a big code which computes the total
number of expected gold-plated events (for some given LHC integrated luminosity) in
terms of the chiral parameters 
k
and the nal state cuts .
Initially we impose the following cuts on the invariant mass of the weak boson pair,
the transverse momentum of the nal Z
0
















From now on, we will call them the minimal cuts. The upper limit in the invariant mass














approximately corresponds to a total LHC working time of 1 year (3 10
7
sec) assuming







6 Parameter sensitivity, optimal cuts and measur-
able parameters









pairs obtained at the LHC. If we x the integrated luminosity, the pp
center of mass frame energy for the LHC (
p
s = 16TeV ), and the upper bound on the




= 1:5TeV ), the total cross sections will depend
on the chiral 
k
parameters and on some kinematical cuts. For the sake of simplicity we
will only study the subset of the 
k
coecients which is needed to reabsorb the one-loop













[13] (however, our code includes as well the contribution of
the other chiral parameters). There is also the possibility to modify our results choosing




















































events is the output. Therefore we write the result of our computations as N
(i)
(; c). In




= 0;8kg) and the minimal cuts dened above so that one could write:
N
(i)
















































If the dependence of the number of events on the parameters and the cuts were ap-
proximately linear, this formula could be used to compute N
(i)
(; c). However, we will
see that this is not always the case. Indeed, N
(i)
(; c) is a polynomial in 
k
and nonlinear
terms can become important even for moderate values of these parameters.
In order to see how the number of events changes when one of the 
k
parameters varies
by some amount 
k
, we x the kinematical bounds c
l
to the minimal cuts and set the











The result of our computations can be found in Figures 11, to 16. We can also dene
the sensitivity function s
(i)
k
(c) associated to the 
k
parameter, with the kinematical cuts















The dierent sensitivity functions for the minimal cuts that we have obtained are
displayed in Table 2. Obviously, the js
(i)
k
(c)j values are a measure of the variations of
the number of events with 
k
. However, they are not a direct measure of the statistical
signicance of the corresponding parameter variation.








event distributions with respect to
the cuts given in the minimal invariant mass (c
1
), the minimal transverse momentum of
Z
0
in the nal state (c
2
) and in the maximal rapidity of the nal bosons (c
3
). In these
computations we have xed the  parameters at their values in the Zero Model, and the
other two kinematical cuts have been set to their minimal values. The results obtained
in this way are shown in Figures 17 to 19.
































function is a measure of the statistical signicance of the signal (corresponding
to the increments 
k




; c) is large enough to
apply the Central Limit Theorem. In this case r
k
is an estimate of the number of sigmas,
and therefore it denes the condence level for the hypothesis that 
k
is dierent from
zero. In order to evaluate r
(i)
k




functions are shown in Figures 20 to 25.







. Moreover, looking at Figures 11 at 16 and from Figures 20 at 25, nonlinear































) varies according to the dierent values of 
k








). Indeed, the greater is the slope, the higher is the statistical signicance.
Moreover it is already possible to observe that some of the  parameters have no chances
to be measured at the LHC, at least in the way described here. For this reason, in the
following we will concentrate our statistical analysis on the set of  parameters which
can be considered as potentially measurable. Being more precise, we dene a parameter

k





) corresponding to the
maximal considered variation (j 
k
j= 0:01), is bigger than 0:5. According to this we





< 0 and 
3



































In the following we carry out an statistical analysis with all these potentially measurable
parameters in the corresponding nal state. To do so, the next step is to look for the
optimal cuts in the minimal invariant mass and transverse momentum for the detection







) dierent from zero. Initially we impose the minimal cuts on

































































































To nd the optimal cuts for the dierent parameters and channels we build a bidi-




) so that the dierent points are separated from each
other by the increments (
p
s^ = 50GeV , p
T








) we compute the total number of events in the Zero Model and in a ESB
scenario corresponding to a certain positive or negative 
k













) function. The optimal cuts, c
op
, are those which maximize eq.(20), and
21
therefore, the condence level. Of course, these c
op
which have been found in this way de-




parameter. In our computation











The results are collected in Tables 3 and 4. There it is displayed, for each 
k
in the
corresponding channel, the optimal cuts, the number of events that satises these cuts
and the statistical signicance function r
k
obtained with the minimal and the optimal
cuts. In all cases we have xed a maximal rapidity of 2:5.
The c
op
we have obtained by maximizing the r
(i)
k
function eq.(20) will be considered
from now on as the optimal cuts to detect either a 
k
< 0 or a 
k
> 0. For example,
if we wanted to observe the signature corresponding to a heavy Higgs SM -like ESB











= 1150GeV , p
TZmin
= 400GeV ). This is so because, at the tree level
order, the only 
k










As it can be seen in Table 4, the optimization procedure has clearly improved the
statistical signicance r
k
in most of the studied cases. Only when we tried to optimize
the signature corresponding to a 
3
> 0 and 
3





obtained no signicant improvement with respect to the minimal cuts. Therefore we nd









































) and the r
k
function was respectively 6:02, 1:56 and 3:82. On the other hand,
we also found the optimal cuts to detect 
5







(1500GeV; 400GeV )) and the reached statistical signicance was 2:97. These results are
at most equal to those of Table 4.
Moreover, we have repeated our whole study to nd other sets of optimal cuts belong-






















In all these cases, the statistical signicances obtained are smaller than those correspond-











)). Therefore, in the following we will
apply this type of optimal cuts.
As it was mentioned in the introduction the main aim of this work is to determine
which chiral Lagrangian parameters will be more easily measurable at the LHC and the
size of their corresponding statistical errors. Initially, we made a criterion to choose a
set of potentially measurable 
k
parameters, on which we have concentrated our analysis.
After carrying out the described optimization procedure, we conclude that the statistical
signicance to measure most of these chiral Lagrangian coecients, has clearly increased.
In the following we will treat only these measurable 
k











nal state, as it was previously argued.




we will work under
some hypothesis. We will assume a linear behaviour in 
k
and that the number of events
is large enough to consider N
(i)
(; c) following a gaussian distribution.




associated to a certain 
k
as
the minimal value of this parameter that could be detected in the LHC with a statistical
signicance, eq.(18), equal to one sigma, after applying its corresponding optimal cuts.






















7 The eect of the structure function indetermina-
tion
In all the previous calculations we have used the EHLQ structure functions [22] (set









wonder how our results could be aected by the indetermination in the parton distribution
functions. In order to estimate this eect we have selected two new parametrizations of the
structure function: the setMRSD  (Martin, Roberts and Stirling [24]) and the GRV HO
(Gluck, Reya and Vogt [25]). Both them exhibit a similar behaviour of sea quarks and
gluon distributions at low x, that grow when x ! 0. The values of  considered in
these two sets are the following: 
MRS
= 230MeV , 
GRV
= 200MeV . With these new








events, in the Zero
Model with the dierent optimal cuts. The way we proceed is to compare our estimation
of the number of standard deviations obtained by changing these parton density function
sets (we will call it r
(i)
struc:
), with the statistical signicance corresponding to a certain


































Now, to obtain r
(i)
struc:
we need to evaluate the total number of events in the Zero Model,
with certain kinematical cuts, c, but using two dierent parametrizations called set and
set' for the structure functions.
23









events obtained for the optimal cuts, when the EHLQ (set II),MRSD 
and GRV HO sets are used, as well as the number of sigmas r
struc:
eq.(22) corresponding















(MRSD  with respect to GRV HO).
Now, we pay attention to the r
k
functions in Table 4 and r
struc:
in Table 6 and we




=  0:005 or 
k
= 0:005)
can be measured in the LHC with a statistical signicance given by r
k
































nal state, because relation (23) is



















nal state, with a statistical signicance
given by r
k
. On the opposite, for 
3




nal state, eq.(23) is not fullled,











) is most appropriate since MRSD  and GRV HO agree much better with
some recent experimental results [26] obtained at HERA. In any case, it can be expected
that future new experimental data coming from HERA and even from the LHC itself,




The other eect we are going to take into account is the dependence of the 
k
parameters
and the couplings g and g
0
, on the energy. Our whole previous study was carried out
at tree level order. Now we want to include some quantum eects by means of the
Renormalization Group Equations (RGE). By that we will understand the one loop










to the corresponding beta functions.
As it is well known from the RGE, the renormalized Green function with the renor-
malized parameters  and m at the renormalization scale  and the same Green function
with the parameters at another scale e
t


























Where we include in  all the 
k
parameters and the electroweak coupling constants,
g and g
0
. Thus the renormalized parameters are scale dependent. The

 stands for all the
running coupling constants that depend on the renormalization scale. In order to obtain
these



















At present, when using the eective theory to describe the ESB sector we only know
these functions to one loop-order. The exponential factor in eq.(24) is the anomalous
dimension term, that depends on the wave function renormalization. We have estimated
the order of magnitude of this eect to calculate the statistical signicance r
k
, in a typical
case, with a subprocess energy of 1TeV . We obtained changes on r
k
of 0:1%. Therefore
they are completely irrelevant. Thus we neglect this contribution and we will only consider
the dependence on the renormalization scale, , of 
k
, g and g
0
, in eq.(24). We refer to
this approach as the tree level approximation improved by the RGE.
Now, we have to calculate the running coupling constants 
k
(), g() and g
0
(), and
replace their tree level values in our cross section formulae by the corresponding energy
dependent running coupling constants evaluated at the subprocess center of mass energy
(we have taken  =
p
s^).
In order to do so we begin with the 
k
parameters and we use the dimensional regular-
ization scheme since it is the most appropriate for gauge theories as well as for non-linear
sigma models. In [13], Longhitano obtained all the divergences that appear in one-loop di-





be absorbed by redenitions of a subset of the 
k
parameters (k = 0; 1; 2; 3; 4; 5). By
means of the dependence of 
k


























































































































































































Taking into account loops of scalars, fermions, ghosts and gauge bosons coming from










































The eqs.(27) are standard corresponding for gauge theories. The rst one leads to
asymptotic freedom since C
g
> 0, whereas the second corresponds to an abelian gauge























































Once we have obtained the expression giving the dependence of the 
k
, g and g
0
on
the renormalization scale eq.(28), we can study cuantitatively this eect. The way we
proceed is the following:
- First we factorize the g and g
0
coupling constants so that the cross sections appear
with the same power in the electroweak couplings than in the MSM . We are
referring only to the dominant terms. Moreover, as we can see in the Appendix,




- In all our calculations, for the sake of simplicity, we are considering the physical
masses [27]: m
W
= 80:6GeV , m
Z
= 91:1GeV and m
q




process where we have taken a top quark in the loop with a mass of 170GeV ).
- We replace in the cross section the constant values of 
k
, g and g
0
by those which








() given by eqs.(26 and




s^ is the invariant mass (the center of mass energy in




. Thus we have substituted the tree level
values of 
k
, g and g
0
by the running coupling constants depending on the energy
scale of the subprocess.















appearing in our formulas has been done as follows:









, have been taken from recent
LEP data [27].




parameters at the 
0






) = 0 (k = 0; 1; 2; 3; 4; 5)

k
= 0 (k = 6; 7; 8; 9; 10; 11; 12; 13)
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After all these changes in the program, we apply the dierent sets of optimal cuts








. The corresponding results are displayed in Table 7. We present for each pair










































s^); c)). We also give an estimation of the statistical
signicance or the number of sigmas, r
(i)
run:
, corresponding to include the dependence on





































As it can be observed in Table 7, the r
(i)
run:
function, that reects the relevance of this
eect, is very high when we use the minimal cuts. Besides, with all the optimal cuts,
the statistical signicance function r
(i)
run:
whose values go from 1 to 4 standard deviations
is also important. Thus, the eect of the running of the couplings is important and it









Now one could ask how the r
k
that were previously obtained (Table 4) would change
if we used the improved tree level approximation with the running parameters, instead
of working only at tree level order. In sight of the results contained in Table 7 and if
we supposed linear behaviour we would obtain uctuations in the statistical signicance
functions, r
k
, varying between 2 to 15% with respect to their values calculated without
including the dependence on the energy of the parameters.
We can summarize these results saying that the inclusion of the running coupling




functions. However, this eect is not so relevant when we want to determine
the r
k
functions corresponding to each 
k
, since the dierences obtained with respect to
the tree level results are small. Therefore, the running of the couplings does not change
signicantly our previous discussion about which couplings will be measurable at the
LHC.
9 Conclusions









nal states at the LHC, considering only gold-plated events. The
main novelty in our analysis is that we do not use the ET but we have worked explicitly
with all the the gauge boson polarization states. Thus we can study the low energy region,
28
after having imposed a maximal bound on the subprocess energy of 1:5TeV . We have










With this code we have carried out a systematical study of the possibilities for mea-
suring the chiral parameters 
k
, at the LHC. This analysis includes an optimization
procedure, that makes possible to obtain the greatest statistical signicance for mea-





, and set the minimum values of these 
k
to be unambiguously
detected with a certain statistical signicance at the LHC. The results of our studies






parameters cannot be probed at the LHC. On the contrary, as it can be seen in Tables
4 and 5, the r
k




can be, for some channels, greater than
3 sigmas (2 sigmas for 
3
). In fact, the parameters that could be more easily measured
in the LHC are 
4










channel. As it can be expected
their corresponding statistical errors are the smallest. In all our calculations, we have
xed a running time corresponding to one full LHC year according to the nominal lumi-












). The results corresponding to dierent
integrated luminosities can be obtained just rescaling the statistical signicance by the
square root of the running time.
On the other hand, we have also estimated the size of the imprecisions in our calcu-
lations due to the indetermination in the structure functions by choosing three dierent
distribution functions. The results (which can be found in Table 6) show that the errors
coming from this eect are smaller than the statistical errors obtained for the  parame-
ters. Thus our present ignorance about the parton distribution functions does not restrict
the measurement of the chiral parameters.
We have also tried to improve our tree level results considering the dependence on
the subprocess energy of the weak couplings and the chiral parameters. The size of these
eects is shown in Table 7. From our results it is clear that the total number of events
changes when this eect is taken into account. However, our previous conclusions about
which parameters can be probed at the LHC, do not change at all.
Moreover one could ask about the possibility of increasing the number of measurable
chiral parameters by relaxing some of the experimental assumptions of this work. For
instance we could also take into account the gauge boson hadronic decays, separate the
nal polarizations, etc... In that case we could certainly enhance the statistical signicance
and more chiral parameters could be probed. However it is not possible today to have
any idea about how well this new information will be obtained at the LHC and for this
reason we have not considered such possibilities.








pairs produced via electroweak
gauge boson fusion cannot be separated experimentally from those coming from another
29




case) or quark-antiquark annihilation. Nevertheless
some forward calorimeters could, presumably, be incorporated to the LHC detectors. This
fact could allow for a jet tagging at a certain level of eciency. This experimental im-
provement is a realistic way to increase the statistical signicance functions r
k
to measure
the chiral Lagrangian parameters at LHC. Work is in progress to treat this possibility
and to analyze how much the sensibility to the 
k
parameters could be enhanced.
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Appendix
In this Appendix, we write some of the Feynman rules obtained from the quantized
chiral electroweak Lagrangian L
NLSM
eq.(7), described in section 2.
The dierent contributions to L
NLSM
are given in eqs.(1, 2, 4 and 8), where the Landau
gauge has been chosen.
We show the Feynman rules corresponding to the propagators and vertices used in our
calculations:
i) The  and W































ii) In the following, we write the Feynman rules corresponding to the vertices






















































































































































































































































































































































































































iii) Here, we write the Feynman rules corresponding to the dierent vertices with
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Table 1. In this Table we display the relations between dierent sets of chiral Lagrangian
parameters. They correspond to those used by Longhitano [13], Feruglio [14] and Dobado
et.al. [5], in columns 1, 2 and 3, respectively.









(k = 0; 1; 2; 3; 4; 5) parameter. They were calculated with the minimal cuts and under
the hypothesis of linear behaviour of N
(i)
(; c) with respect to each 
k
.
Table 3. Optimal cuts to calculate the statistical signicance r
(i)
k













nal states. The rst entry
in column 3 refers to the minimum invariant mass and the second to the minimum allowed
p
TZ
, both them given in GeV . The total number of events in the Zero Model and with
the typical chosen 
k
obtained after having applied the optimal cuts, are represented in
columns 4 and 5. They correspond to 1 year of running for the LHC and a maximal
rapidity of 2:5 for the nal bosons.














nal state, for the minimal and the optimal
cuts. In both cases, we have xed the maximal rapidity cut of 2:5 for two gauge nal
bosons, and 1 year of working time for the LHC.




, corresponding to each

k








channels. They were obtained with the optimal cuts












events obtained in the
Zero Model applying the optimal cuts and choosing dierent structure functions: EHLQ,
MRSD  and GRV HO. In the last three columns, we represent the statistical signicance
to estimate these imprecisions, r
(i)
struc:
(c) eq.(22), between EHLQ and MRSD  (column
6), EHLQ and GRV HO (7 column) and MRSD  and GRV HO (8 column). These
































= 2:5 and an integrated




. In columns 2 and 3 we display the results in
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the Zero Model and with constant g and g
0
couplings. Again in columns 4 and 5 we















s^), eq.(28). In the last two columns we display a measure of the statistical
signicance that corresponds to include the dependence on the energy of the parameters



























in the SM without a Higgs boson.





in the framework of chiral perturbation theory (with L
NLSM
). In this case
we obtain the same result as in the SM without a Higgs boson.









amplitudes obtained with L
NLSM
eq.(7), at tree level order.











eq.(7) at tree level order in the Landau gauge, receive contribution from all these
channels.








are calculated adding the contribution of the
diagrams displayed in this Figure. They are obtained with L
NLSM
eq.(7) at tree level
order and in the Landau gauge. The initial quarks are supposed to be massless.









They are calculated with L
NLSM
eq.(7) at tree level order and in the Landau gauge.






are obtained with the Lagrangian
given in eq.(7) adding the contribution of the diagrams displayed in this Figure. The
calculation is made at tree level order and xing the Landau gauge.



















(dashed line) events obtained in the LHC, for dierent values of the 
0
parameter. The
kinematical cuts are the minimal ones. The other 
k
parameters, apart from 
0
, have
been set to zero.
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Figure 12. This Figure represents the sensitivity function to 
1
parameter for the LHC,





(dashed line) events obtained versus 
1
values.
Figure 13. This Figure represents the sensitivity function to 
2
parameter for the LHC.











Figure 14. This Figure represents the sensitivity function to 
3
parameter for the LHC,





(dashed line) events versus 
3
.




















(dashed line) events obtained at LHC, for dierent values
of the 
4
parameter, using the same kinematical cuts as in previous Figures.
Figure 16. Sensitivity function to 
5
parameter for the LHC. We have used the same
kinematical cuts as in previous Figures. We display the total N
(ZZ)
(solid line) and N
(WZ)
(dashed line) events obtained versus 
5
values, as we did in gures 11 to 15.














have set all the 
k










to their minimal values.









(dashed line) events in the Zero Model versus the cut in the minimal
transversal momentum of the Z
0
boson. We have taken the other kinematical bounds as
their minimal values.













. We work in the
Zero Model and x the minimal cuts in invariant mass and transversal moment. The solid









Figure 20. Statistical signicance corresponding to the 
0
parameter. We display the
r
0
function eq.(18) for dierent values of 
0
with respect to the Zero Model. The solid








. We use the same
kinematical cuts as in Figures 11 to 16.
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Figure 21. Statistical signicance corresponding to the 
1
parameter. We show as in
Figure 20, the r
(ZZ)
1
(solid) eq.(18) and r
(WZ)
1
(dashed) functions with respect to the Zero
Model versus these 
1
values. We use the same kinematical cuts as in Figures 11 to 16.
Figure 22. This Figure represents the statistical signicance for some values of 
2
with re-








Figure 23. This Figure reects the statistical signicance of 
3











(dashed) with respect to the Zero Model versus 
3
values, using the same kinematical cuts as in previous Figures.
Figure 24. Statistical signicance corresponding to the 
4
parameter. As in Figures 20 to
23 we show the r
(ZZ)
4
(solid) (eq. 18) and r
(WZ)
4
(dashed) with respect to the Zero Model
versus the 
4
values. We have used the same kinematical cuts as in previous gures.

































































































































































































































































































































































































) EHLQ(set II) MRS  D
0
GRV HO
ZZ (200; 10) 16113.31 17242.93 16617.27 8.90 3.97 4.76
WZ (200; 200) 2298.57 2526.75 2452.56 4.76 3.21 1.48
WZ (200; 300) 535.80 594.34 578.75 2.53 1.86 0.64
WZ (1150; 500) 36.02 40.79 39.97 0.79 0.66 0.13
ZZ (1150; 400) 14.92 15.88 15.39 0.25 0.12 0.12
WZ (1150; 400) 68.02 76.72 74.78 1.05 0.82 0.22
Table 7:





































(200; 10) 16149.13 91141.49 15355.82 86149.13 6.24 16.54
(200; 200)   2281.63   2093.83   3.93
(200; 300)   532.33   505.18   1.18
(1150; 500)   36.01   45.75   1.62
(1150; 400) 14.91 68.01 11.28 78.07 0.94 1.22
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